nation's uranium ( U ) resources. Unfortunately, emissions and accidental spills have led to soil U contamination at Uranium (U) uptake and translocation by plants was a number of USDOE research laboratories and commercharacterized using a computer speciation model to cial mining facilities. More than 50% of USDOE facilities develop a nutrient culture system that provided U as involved in reactor operations, weapons research, nuclear a single predominant species in solution. A hydroponic fuel production, and waste reprocessing reported that U uptake study determined that at pH 5.0, the uranyl was the most frequent radionuclide contaminant in (UO2+ 2
Introduction development of agronomic and/or amendment strategies designed to maximize the availability and uptake of the The US Department of Energy ( USDOE ) has for decades been the organization most heavily involved with the chemical species of interest. For heavy metals such as Cd, Ni, and Zn, current research in the field of phytoAmong those included were Brassica juncea and Brassica rapa, two species which has recently been shown to remediation has provided much of this information. Unfortunately, such fundamental information is lacking accumulate heavy metals such as Cd, Cu, Ni, Pb, and Zn ( Kumar et al., 1995; Ebbs et al., 1997) . Corn and oats for U.
The pH-dependent speciation of U in soil and aqueous were included as representative high-biomass monocot species. Finally, using one of the plant species identified systems is an area that has been extensively studied. U is present in the soil primarily (80-90%) in the +VI oxidaby the screening experiments and a U-contaminated soil obtained from a contaminated site near Ashtabulah, OH., tion state as the uranyl ( UO2+ 2 ) cation (Bondietti and Sweeton, 1977; Sheppard, 1980; Sheppard and Evenden, a pot experiment was conducted to assess the extent to which red beet was capable of phytoextracting U from 1988; Allen et al., 1994; Mortvedt, 1994) , despite the fact that the contamination at sites like the Fernald, OH., contaminated soil. This research involved the use of weak organic acids that could both lower soil pH to convert USDOE facility originated as tetravalent UO 2 (Allen et al., 1994) . Under acidic, reducing conditions, UO2+ 2 is most of the U to the uranyl cation, and increase the bioavailability of U for plant uptake. the predominant U species in the soil ( Hostetler and Garrels, 1962; Langmuir, 1978; Mortvedt, 1994 (Langmuir, 1978; Lee et al., 1993; Mortvedt, 1994 (Langmuir, 1978; Lee et al., 1993) .
There is little information relating U speciation to plant Using this nutrient composition as a basis, GEOCHEM-PC uptake. The form(s) of U taken up by plants and the (Parker et al., 1995 ) was used to model nutrient solutions which provided a good separation of U complexes. The normal P mechanism by which this occurs have yet to be identified. ( Ibrahim and Whicker, 1988; Saric et al., 1995) allowed for an assessment of both the uptake and the Root and shoot tissues were dried and digested with nitric acid toxicity of U species. The results indicated that the free at 180°C for more than 2 h followed by 151 nitric/perchloric acid at 220°C until the sample was completely digested. The uranyl ( UO2+ 2 ) cation, which predominates at a pH of ash was resuspended in 5% nitric acid and analysed using an 5.0-5.5, was the form of U most readily accumulated by were tested, including both monocot and dicot species.
Uranium speciation and uptake 1185
Effect of P on the uptake of UO2+ 2 in studies artificially inducing hyperaccumulation from a heavy metal-contaminated soil (Huang and Cunningham, 1996 ; Huang Pea seedlings were grown hydroponically as in the previous et al., 1997). The citric acid concentration used in this study experiment for 10 d in the presence of 100 mM P. After the was based upon results obtained from other experiments preculture period, plants were transferred to one of four investigating the kinetics of U solubilization using this treatments: control (no-U, no-P); 5 mM U no-P; no-U+5 mM U-contaminated soil mixture ( Ebbs et al., unpublished results). P; and 5 mM U+5 mM P. Each treatment was replicated four Deionized water was added to a third subset of pots as a times. Plants were grown for an additional 7d, with roots and control. After this additional week of growth, plant shoots were shoots harvested and analysed as in the previous experiment.
harvested and analysed as in the previous experiments. Soil samples were taken from each pot at harvest. Soil pH Screening of plant species for U accumulation was measured to determine if the amendments lowered the pH The following species were screened for the ability to accumulate to the target value of 5.0-5.5. The soil samples were extracted U: peas (Pisum sativum L. cvs 'Sparkle' and 'E107'); two with water to determine the effect of the amendments on U varieties of Indian mustard (Brassica juncea L. (1986) . Seedlings were grown as in the first experiment, a 10 d preculture period in the carbonate complexes. As expected, the modelling also presence of P followed by exposure to 5 mM U in the absence indicated that in the presence of P, uranium phosphate of P, with four replicate plants for each species. Plants were complexes would be stable over the pH range from 4.5 harvested and analysed in the same manner as in previous to 9.0 (Fig. 2) . The formation of the U-phosphate comexperiments.
plexes was predicted to reduce the level of free uranyl
Uptake of U from contaminated soil cation and uranyl hydoxides by approximately 10%. At A pot study was conducted to assess the extent of U uptake by pH >7.0 in the presence of P, the model indicated that red beet. U-contaminated soil was provided by RMI U-hydroxyl precipitates would form rather than the carEnvironmental Services (Ashtabula, OH ). The soil was sieved bonate complexes that had been predicted in the absence through a 5 mm steel sieve and stored in plastic barrels at a of P.
moisture level close to that at which the soil had been collected. The soil pH of 6.8 was determined from a 251 (by vol.) 0.01 N CaCl 2 /air-dry soil slurry that had been shaken for 10 min. Total U content of the soil (310 mg U kg−1) was determined by digesting the soil using the procedure described above followed by ICAP-ES analysis.
Beet seeds were germinated for 2-3 d on moistened filter paper. Beets were grown in potting mix for an additional 7 d before being transplanted to pots containing 500 g of U-contaminated soil. Seedlings were watered with the same nutrient solution used in the hydroponic experiments, buffered to the soil pH of 6.8 using 1 mM N-2-hydroxyethylpiperazine-N∞-2-ethansulphonic acid (HEPES ). To prevent the development of P deficiency, plant shoots were sprayed twice each week with 10 mM KH 2 PO 4 adjusted to pH 6.0 with KOH. During foliar P application, the soil surface was covered to prevent the introduction of P into the soil. Care was also taken to ensure that the foliar P solution did not flow down the stem. The beets were grown for an additional 5 weeks.
During the last week of growth, subsets of pots (5 replicates per treatment) were treated with one of two soil amendments. The treatments consisted of the addition of 50 ml of either 0.09 mM HEDTA (trisodium salt) or 0.25 M citric acid, followed by a second application of the same solutions 3 d later. These treatments raised the soil concentration of HEDTA to 5 g kg−1 soil and the citric acid concentration to 10.5 mg kg−1 Fig. 1 . U speciation in a modified Johnson's nutrient solution in the absence of P, as predicted by GEOCHEM-PC. soil. This concentration of HEDTA is comparable to that used The uptake of U into shoots of peas was influenced by pH, presumably because of the differences in the form of U in solution. The greatest shoot U concentration and accumulation occurred at pH 5.0 when U was present predominantly as the free uranyl cation (Figs 4, 5) . Uptake at pH 6.0 was less than 20% of that at pH 5.0 while uptake at pH 8.0 was about 5% of that at pH 5.0. These results suggest that the cationic uranyl ion is the species most readily taken up and translocated by peas. As a desorption procedure was not carried out, concentrations of U in roots may include U adsorbed to root cells walls as well as what was taken up. Root U concentrations Fig. 2 . U speciation in a modified Johnson's nutrient solution in the presence of 5 mM P, as predicted by GEOCHEM-PC.
Uptake of individual U species
In the absence of U, shoot dry weights of pea were not significantly different at the three pH values ( Fig. 3) . The root dry weight at pH 5.0 was less than that at pH 6.0 and 8.0. In the presence of U, shoot dry weight increased with increasing pH, but root weight was significantly higher at pH 5.0 than at 6.0 or 8.0. Shoot dry weights were higher in the presence of U at all pH levels. Observations of roots at harvest revealed that 5 mM U was toxic to roots at all three pH levels. The symptoms were similar to those for Al toxicity, including stunting apices. The effect was most pronounced at pH 6.0. were generally higher than those for shoots. Uptake/ adsorption by roots was greatest at pH 6.0 and 8.0, with a lower concentration at pH 5.0 (Figs 4, 5 ).
Effect of P on the uptake of UO2+ 2 In the absence of U, there was no significant difference in root or shoot dry weights for pea plants grown for 7d in the presence or absence of P at pH 5.0 ( Fig. 6) . Shoot P concentrations for control plants also did not differ between the two treatments (data not shown), suggesting that the plant had sufficient P reserves after the preculture period to allow for normal growth and development during the exposure to U.
In the presence of 5 mM U, in the absence of P, growth of both roots and shoots was severely inhibited compared to the -U-grown control plants. In solutions containing both U and P, root and shoot dry weights did not differ significantly from the -U control plants, suggesting that P had largely overcome the toxic effects of U in solution, 'Sparkle') exposed to 5 mM U for 7 d at pH 5.0 in the presence and most likely due to complexation of the U with phosphate.
absence of 100 mM P. Error bars denote the standard error of the mean (n=4).
Complexation may have also reduced the bioavailability of U to peas, as there was a >50% reduction in the U concentration of roots and shoots at pH 5.0 peas. The highest concentrations were found in beet and ( Fig. 7) . Roots of peas in solution containing both U crown vetch ( Fig. 8) . On a per plant basis total U and P still displayed symptoms of toxicity, but the dry accumulation was greatest for beet and tepary bean weights were similar. This may have been due to the fact ( Fig. 9) . Species with small seeds showed symptoms of P that lateral roots for the plants grown in the presence of deficiency during the seventh day of treatment, suggesting both U and P were stunted and thickened, compensating that the P reserves within the plant had been exhausted. for the reduction in lateral root length.
This deficiency, however, could be overcome through foliar P fertilization. This method could be used to Screening of plant species for U accumulation provide P to developing plants without the need to include P in the growth solution. On a concentration basis, all the species screened in this experiment exhibited a greater accumulation of U than Fig. 8 . Uranium concentration in shoots of several species exposed to Fig. 6 . Shoot and root dry weights for pea (cv. 'Sparkle') plants exposed to 5 mM U for 7 d at pH 5.0 in the presence and absence of 100 mM P.
5 mM U for 7 d at pH 5.0. Error bars denote the standard error of the mean (n=4). Error bars denote the standard error of the mean (n=4). Fig. 11 . Shoot biomass for beet grown for 5 weeks in pots of either unamended U-contaminated soil or soil amended with HEDTA or citric acid. Error bars denote the standard error of the mean (n=5). Fig. 9 . Uranium accumulation in shoots of several species exposed to 5 mM U for 7 d at pH 5.0. Error bars denote the standard error of the mean (n=4). not increase U uptake by beet (Fig. 12) . However, the Uptake of U from contaminated soil addition of citric acid dramatically stimulated shoot U accumulation by beet, by increasing U concentration The addition of citric acid to the U-contaminated soil increased U solubility to >110 mg U kg−1 soil, nearly 14-fold (from 15 to 209 mg U kg−1 DW ) The bioaccumulation ratio (shoot [ U ]/soil [ U ]) for beet (0.67) was at 33% of the total U (Fig. 10) . The addition of citric acid also decreased the soil pH from 6.8 to the desired value least one order of magnitude greater than many of the values previously reported in the literature for U (Ibrahim of 5.0. HEDTA had no effect on U solubility or the soil pH. Neither soil amendment had a significant effect on and Whicker, 1988; Lakshmanan and Venkateswarlu, 1988; Evenden, 1988, 1992 ; Sheppard shoot biomass ( Fig. 11) .
In terms of the plant accumulation of U, HEDTA did et al., 1989). Discussion bioavailability. The effect of citric acid on the solubilization of U from additional U-contaminated soils, varying The results presented here clearly indicate that the plantin soil type, organic matter content, pH, and level of U available form of U is the uranyl cation. Since this U contamination, also needs to be examined to understand species is present in solution only at pH 5.5 or less, more fully the role of other soil factors in U solubility as U-contaminated soil with neutral to alkaline pH values they relate to phytoremediation. may require acidification in order for the phytoextracAnother aspect that requires investigation with respect tion of U to be successful. Geochemical studies of to the addition of citric acid to U-contaminated soil is U-contaminated sites such as the Fernald Environmental the long-term impact of this amendment on U speciation Management Project suggested that U is present in the in soil. The U-citrate complex, by its nature, is transient, soil chiefly as the anionic carbonate species (Lee and due to microbial and photodegradation. Francis et al. Marsh, 1992) . For several years, alkaline, carbonaceous (1992) and Dodge and Francis (1994) have shown, howmaterials were added to this soil for erosion control and ever, that degradation of U-citrate complexes can lead to road construction activities. Geochemical modelling has the formation of insoluble, non-leachable compounds shown, however, that the carbonate complexes that such as uranium trioxide. While this may facilitate U subsequently formed are not only stable but potenrecovery from aqueous systems, the conversion of soil U tially mobile, posing a threat to groundwater. Thus, the to this form could hamper subsequent attempts to phytoaddition of these carbonaceous materials was counterextract U. The U chelated by citric acid following the productive. Similar management practices at other initial addition of this compound to U-contaminated soil U-contaminated sites could make phytoremediation more may originate in a pool of bound but potentially difficult since the carbonate species do not appear to be exchangeable U. Dissociation of the U-citrate complex taken up and translocated to an appreciable extent. The following microbial or photodegradation could shift this results presented here also indicate that citric acid can U into a pool that is less available than the pool from greatly facilitate U bioavailability, even in a soil with a which the U originated (i.e. to uranium trioxide). Thus, neutral pH. This effect is due primarily to the solubilizawhile the first few croppings following citric acid addition tion and complexation of the uranyl cation by this organic may effectively remove U from the soil, the long-term ligand and, to a lesser extent, by the change in pH ( Ebbs effect of this addition may be to convert the U into a et al., unpublished results).
form that does not respond to citric acid addition and One point that has not been established previously is cannot be phytoremediated. Thus, the use of citric acid whether subsequent uptake of U into the roots of plants may be effective in the short term, but may also create a involves transport of the U-citrate complex or just the longer term problem by fixing U in the soil as uranium uranyl cation. The results of the hydroponic experiments trioxide. Given the problems that have developed from reported here suggest that it may be the latter species.
the addition of alkaline, carbonaceous materials to Furthermore, Munier-Lamy and Berthelin (1987) sug-U-contaminated soil, further attempts at amend these gested that during the dissolution of U from soil, transient sites should be well planned so as not to compound the complexes with simple molecules like organic acids may existing problem. form, preceding the formation of more stable polyanionic or polycationic complexes. In a U-contaminated soil following the addition of citric acid, there would be
